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DD electrodes possess excellent elec-

trochemical properties, such as low

and stable background current, wide
working potential window, superb physical
and chemical stability, and good
biocompatibility."? Until now, planar BDD
thin film electrodes have been the most
studied form of diamond electrodes.? The
planar BDD electrodes, with different sur-
face morphologies, including microcrystal-
line and nanocrystalline films, have been
prepared for a wide range of electrochemi-
cal applications.*> However, even though
the planar BDD electrodes are suitable for
many electroanalytical detection, most
practical applications require use of some
kinds of electrodes with high surface areas
to achieve high sensitivity and selectivity.5’

In the past decade, nanostructured ma-

terials have been of both fundamental and
technological interest because of their spe-
cial characteristics, which differ markedly
from their corresponding bulk states in
physical and chemical performance. Nano-
structured materials are considered to be
much more efficient and selective than tra-
ditional bulk materials for their high surface
areas and high surface energy.®® For ex-
ample, many carbon-based nanostructured
materials have been shown to be ideal for
biosensing applications since they are con-
ductive, biocompatible, easily functional-
ized, and possess very large surface
areas.'®"" However, the main disadvantage
of these carbon-based materials is nonsta-
bility of potential, which remains a limiting
factor. Therefore, it is of interest to inquire if
BDD electrodes with much smaller lateral
dimensions can be fabricated, and what
properties such electrodes might possess.
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ABSTRACT A boron-doped diamond nanorod forest (BDDNF) electrode has been fabricated by hot filament

chemical vapor deposition (HFCVD) method. This BDDNF electrode exhibits very attractive electrochemical
performance compared to conventional planar boron-doped diamond (BDD) electrodes, notably improved

sensitivity and selectivity for biomolecule detection. The BDDNF electrode, with the possibility of fabricating a

sensitive biosensor for glucose without any catalyst or mediators, shows good activity toward direct detection of

glucose by simply putting the bare BDDNF electrode into the glucose solution. Furthermore, the marked selectivity

of the BDDNF electrode is very favorable for the determination of glucose in the presence of ascorbic acid (AA)

and uric acid (UA). The robust sensitive and selective responses of this nanostructure indicate the promise of this

kind of diamond electrode for real applications.

KEYWORDS: boron-doped diamond nanorod forest electrode -

glucose - electrochemical detection

We can cite the literature on the fabrica-
tion of nanostructured diamond films, such
as diamond nanowhiskers and nanorods
obtained by microfabrication methods in-
volving RIE (reactive ion etching) or plasma
etching on diamond films,'?~'°> and
homoepitaxially grown diamond nanorods
produced by CVD technique using template
methods.'®'” However, conductive nano-
structured diamond films used in electro-
or biochemistry applications have seldom
been reported up to now.

On the other hand, electrochemical sen-
sors for glucose fall into two major types,
that is, enzymatic and nonenzymatic metal-
modified sensors. The disadvantages of
these sensors are their lack of stability due
to the intrinsic nature of enzymes and poi-
soning of metal-modified electrodes by ad-
sorbed intermediates.'® ?° To address these
problems, many attempts have been made
to develop glucose sensors without using
enzyme methods, and some nanostruc-
tured electrodes have been reported to de-
velop innovative nonenzymatic glucose
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Scheme 1. Plots of fabrication of the boron-doped diamond nanorod forest (BDDNF).
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sensors.?'?2 Recently, Park et al. reported that mesopo-
rous Pt electrodes showed tremendous improvement in
sensitivity to glucose compared to common interfer-
ing species;?® Yuan et al. have prepared nanotubular Pt
array electrodes, possessing high sensitivity to glucose,
due to their high surface roughness factor and particu-
lar structure,?* etc. Therefore, the progress which was
made on nanostructured Pt-based electrodes in nonen-
zymatic glucose sensing gives us one of the most im-
portant clues; that is, an electrode with a high active
surface area and roughness factor may be a very attrac-
tive sensor in the electro-detection of glucose.

Here, we report for the first time the fabrication
and characterization of a boron-doped diamond nano-
rod forest electrode and the study of its electrochemical

500 nm

Figure 1. SEM images of (a) top and (b) side views of the BDDN; the inset graph of (a) is an amplified
image of a single standing nanorod, (c) a planar BDD film deposited under the same conditions.
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applicability in nonenzy-
matic amperometric detec-
tion of glucose. We com-

bined the electroless metal
deposition (EMD) method
and HFCVD technique to
prepare the BDDNF on sili-
con nanowires (SiNWs), that is, transforming a planar
BDD electrode to a three-dimensional structured dia-
mond electrode, as shown in Scheme 1. The as-
fabricated BDDNF electrode was characterized using
scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), Raman spectroscopy, and cy-
clic voltammetry (CV) measurements. To evaluate the
properties of the BDDNF electrode as a biosensor for
electrochemical applications, its nonenzymatic ampero-
metric detection of glucose was studied and com-
pared with a planar BDD electrode. The BDDNF elec-
trode showed excellent nonenzymatic electrochemical
activity toward glucose in basic solution. Furthermore,
we also demonstrated that the BDDNF electrode could
selectively detect glucose in
the presence of potential in-
terfering agents such as AA
and UA.

BDDNF

RESULTS AND
DISCUSSION

Surface Morphology and Raman
Analysis. The morphologies and
microstructures of the BDDNF
and BDD films were examined
with SEM and TEM. As shown
in Figure 1a, a large amount of
boron-doped diamond nano-
rods standing vertically on a
silicon wafer can be observed
for the BDDNF, and one single
nanorod from the top view is
clearly observed in an inset
graph of Figure 1a. The cover-
age of a nanocrystalline dia-
mond film is complete and
continuous along the whole
length (about 5 pwm) of the
SiNWs. These nanorods pos-
sess rough and irregular sur-
face and present polycrystal-
line morphology, as shown in
Figure 1b.

Figure 1c represents a SEM
image of a planar BDD film de-
posited under the same condi-
tions. The BDD film with larger
crystallite than the BDDNF can
be observed in Figure 1c.
Therefore, a difference of the
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Figure 2. Typical TEM image of a BDDN.

average grain size of diamond crystallite is observed
for the boron-doped diamond nanorod (BDDN) and the
BDD film, related to the surface morphologies which in-
fluence the electrode surface areas. This is due to the
difference of homoepitaxial growth of diamond on vari-
ous silicon facets. It has been reported that diamond
growth on a single-crystal substrate (Si wafer, 100) with
low surface damage seems to be favorable for fabricat-
ing high crystalline quality films because it avoids crys-
tal lattice mismatch.?2

The TEM observation, carried out on an isolated
nanorod scratched from the as-grown product, is
shown in Figure 2, from which we can easily observe
the structure of an inner silicon nanowire core, and the
core region is conformally coated with polycrystalline
diamond grains (sheath).

Figure 3 shows the Raman spectra of diamond films
grown on the silicon nanowires for BDDN and the bulk
silicon substrate for BDD. A clear and intense band at
1332 cm™', which corresponds to the one-phonon sp?
carbon, represents the diamond characteristic peak.
The full width at half-maximum of this peak is ~550
cm™ for the BDDN film deposited on the silicon nano-
wires and ~300 cm™! for the BDD film grown on the
bulk silicon substrate. A larger half-maximum for the
film deposited on silicon nanowires is indicative of a
higher defect density because, to a first approximation,
the peak width is inversely related to the phonon life-
time (i.e., phonon scattering by grain boundaries and
defects).?” The feature at 1580 cm ™' is attributed to the
graphite basal plane G band, which is well-known for
disordered carbon films and arises from the in-plane
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Figure 3. Raman spectra of the BDDN and BDD films (solid
line, BDDN; dotted line, BDD).
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Figure 4. CVs of the BDDNF and BDD electrodes in 0.1 M
H,SO, solution with a scan rate of 100 mV s~ (solid line,
BDDNF; dotted line, BDD).

stretching modes of the sp*bonded carbon at the
grain boundaries of nanocrystalline diamond.®® The
small quantity of sp? carbon may contribute to a good
electric conductivity of the nanorods. A shoulder at
1130 cm ™" of the BDDN is often identified as a signa-
ture for high quality nanocrystalline diamond.?
Electrochemical Characterization. We took cyclic voltam-
metry measurements to characterize the BDDNF elec-
trode. The planar BDD electrode was also used for com-
parison. As shown in Figure 4, the working potential
window in 0.1 M H,SO, remains wide for the BDDNF
electrode in a way similar to the BDD electrode, while
the BDDNF electrode presents higher double-layer ca-
pacitance than the BDD electrode; this feature is related
to its nanostructure in essence that it results from the
increased surface roughness factor.3%3! Some further
electrochemical characterizations with outer-sphere
and inner-sphere redox couples (Ru(NH;)¢>*/?* and
Fe(CN)s>~/47) were performed, and different voltammet-
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Figure 5. (a) Nyquist plots of the impedance for the BDDNF
and BDD electrodes in 0.1 M H,SO, (solid square, BDDNF;
hollow square, BDD). (b) Equivalent circuit used for the
BDDNF electrode.
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Figure 6. Positive potential scan in 0.1 M NaOH solution
containing 0.1 mM glucose at the BDDNF and BDD elec-
trodes with a scan rate of 50 mV s~ (solid line, BDDNF; dot-
ted line, BDD).

ric behavior on the BDDNF and BDD electrodes was ob-
served (Supporting Information).

Furthermore, the impedance measurements of the
BDDNF and BDD electrodes in 0.1 M H,SO, were also in-
vestigated, and the Nyquist plots for both electrodes
are shown in Figure 5a. As expected, marked differ-
ences are observed for the BDDNF and BDD electrodes
in impedance characteristics. Compared to a semicircle

and a linear region of the planar BDD electrode, the
BDDNF electrode shows clearly two semicircles and a
linear region, which are quite similar to the impedance
behavior of porous electrodes.??

Taking the modeling of impedance of porous elec-
trodes as references, we present the equivalent circuit
of the BDDNF electrode in Figure 5b. For the BDDNF
electrode, the double-layer capacitance is substituted
by a constant phase element (CPE). We consider that
the high frequency (HF) semicircle (CPE;—R;) is related
to the porosity of the electrode and independent of the
kinetics of the faradaic process, and the low frequency
(LF) semicircle (CPE—Ry) is related to the kinetics of the
faradaic reaction.?®

Amperometric Response to Glucose. Detection of glucose
in 0.1 M NaOH aqueous solution at the BDDNF and
BDD electrodes for comparison was first carried out
with cyclic voltammetry measurements, and the re-
sults are shown in Figure 6. Almost no visual anodic
peaks for glucose oxidation could be observed during
the positive potential scan at the BDD electrode,
whereas a well-defined current response for glucose is
obtained at the BDDNF electrode at about 0.7 V (vs SCE)
and the peak current is nearly 9 pA for 0.1 M of glu-
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Figure 7. (a) Current—time responses of the BDDNF and BDD electrodes to a stirred solution containing 0.1 M NaOH at an
applied potential of 0.7 V (vs SCE). (b) Calibration curve of the BDDNF electrode at a working potential of 0.7 V (vs SCE). (c)
Long-term electrochemical cycling stability of the BDDNF electrode for 1.5 mM glucose.
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cose. Such an improvement in glu-
cose oxidation at the BDDNF elec-
trode compared with the BDD
electrode shows that the faradaic
currents for glucose oxidation de-
pend strongly on the surface
structure of the electrodes. Obvi-
ously, the much enhanced oxida-

Glucose
solution

tion current for glucose on the
BDDNF electrode could be attrib-

Planar BDD

uted to the influence of electrode
roughness factors on one hand,
and on the other hand, the en-
hanced oxidation current for glu-
cose on the BDDNF electrode
could be also due to the particu-

Signal

Gluco:

4

lar properties of the nanotexture;
that is, the mass transport rate at

V4

the BDDNF electrode is expected '
to be enhanced significantly due
to the increased electroactive
electrode areas and the high cur-
rent density at the rod-like-
shaped electrode.?*

The amperometric responses at the BDDNF elec-
trode at a working potential of 0.7 V (vs SCE) in 0.1 M
NaOH solution for each successive addition of various
concentrations of glucose are presented in Figure 7a.
Glucose was added at the points indicated by arrows
to the mentioned concentrations. Upon each addition
of glucose, electrochemical responses were recorded
while the solution was stirred constantly. As shown in
Figure 7a, it is clear that the electrochemical response
to glucose at the BDDNF electrode is very fast in reach-
ing a dynamic equilibrium upon each addition of the
sample solution, generating a steady-state current sig-
nal within a short time (less than 20 s). The calibration
curve for the electrochemical responses of the BDDNF
electrode to glucose at 0.7 V (vs SCE) in the concentra-
tion range between 0 and 15 mM is shown in Figure 7b.
The response to glucose displays a linear range from 0
to 7 mM with a correlation coefficient (R) of 0.993 and a
sensitivity of 8.1 wA mM~" cm™2 (slope). The limit of de-
tection was estimated at a signal-to-noise ratio of 3 to
be 0.2 = 0.01 pM.

The long-term stability of the BDDNF electrode in
1.5 mM glucose + 0.1 M NaOH solution was investi-
gated (Figure 7c). Repetitive runs of the CV detection
were realized by using the same procedure. The loss of
the electrochemical activity was about 8% after 150 re-
petitive cycles, suggesting that the BDDNF electrode is
relatively stable owing to its inertness of the
H-terminated diamond surface. It is difficult for the sub-
strates and analytes to adsorb on the electrode sur-
face, which renders the electrode surface resistant to
molecular adsorption (i.e., deactivation and fouling).

electrodes.

www.acsnano.org

Planar BDD
Figure 8. Schematic representation of glucose diffusion profiles at the planar BDD and BDDNF

BDDNF

Therefore, the BDDNF electrode has good reproducibil-
ity and excellent stability.

The key idea for consideration of the electrochemi-
cal performance of the BDDNF electrode is based on
the advantages that arise from its large surface area,
high porosity, and highly conductive matrix. A sche-
matic illustration of the effect of structure on electro-
chemical reaction of glucose is shown in Figure 8. It has
been reported that the electro-oxidation for glucose is
a kinetically controlled sluggish reaction.?®* The faradaic
currents associated with a kinetic-controlled electro-
chemical reaction (for glucose) are sensitive to the
nanoscopic surface area of the electrode, rather than
its geometric area.>>* Therefore, according to this
theory, the BDDNF electrode, with large surface area
and mesoporous roughness due to its nanostructure,
generates enlarged faradaic currents for glucose oxida-
tion. Other possibilities which arise from nanocrystal-
lite, sp? carbon sites have been eliminated (Supporting
Information).

Selective Determination of Glucose in the Presence of AA and
UA. The avoidance of endogenous interfering species is
a big challenge in nonenzymatic glucose detection be-
cause a few of the structurally similar organic sub-
stances (for instance, AA and UA) are also simulta-
neously oxidized along with glucose at the electrode
surface and, hence, give interfering electrochemical sig-
nals.3” Figure 9a represents the CVs of the BDDNF elec-
trode recorded in 1 mM glucose solution containing 1
mM of AA, which is one of the most serious interfering
agents. A well-defined peak for glucose oxidation is suc-
cessfully achieved without an overlap from that of
AA oxidation, suggesting the feasibility of reliable
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Figure 9. (a) Selectively voltammetric response to 1 mM glucose and 1 mM AA. (b) Selectively voltammetric response to 1
mM glucose and 0.2 mM UA at the BDDNF electrode in 0.1 M NaOH solution, with a scan rate of 50 mV s~".

determination of glucose free from AA interference.
Similar measurements were also performed with 0.2
mM UA at the BDDNF electrode under the same experi-
mental conditions (Figure 9b). It suggests that the
BDDNF electrode is very favorable for the selective de-
termination of glucose in the presence of AA and UA.
The electrochemical reactions for these interfering
electroactive species (AA and UA) undergo a diffusion-
controlled process. For a diffusion-controlled reaction,
upon application of an anodic potential to the elec-
trode, the surface concentration of the reactant will be
immediately exhausted to zero; therefore, a concentra-
tion gradient of the reactants near the electrode surface
is established. As a result, the faradaic currents of the re-
actants are proportional to the apparent geometric
area of the electrode, regardless of the mesoporous
roughness of the electrode.?® This result also demon-
strates that the selectivity and sensitivity of the BDDNF
electrode for glucose detection can be further

EXPERIMENTAL SECTION

Reagents. p-Type silicon wafers (100) were obtained from
Shin-Etsu Chemical Co., Ltd. Glucose, AA, and UA were pur-
chased from Aldrich. All chemicals were analytical grade and
used without additional purification. Double distilled ultrapure
water (>18 M() - cm) was used for all solution preparation.
MBDD, NBDD, and GC were purchased from Element Six Co.,
Ltd.

Apparatus. The HFCVD system was purchased from Shanghai
JiaoYou Diamond Coating Co., Ltd. The scanning electron
microscopy was performed using a Hitachi Ultrahigh-Resolution
S-4300 microscope. The transmission electron microscopy was
taken with a JEM-200 (JEOL) microscope. The Raman spectros-
copy was obtained using a Renishaw 1000 Raman spectrometer
(Renishaw Ltd., UK).

BDDNF Preparation. The synthesis process of BDDNF is illus-
trated in Scheme 1. First, silicon nanowires were synthesized us-
ing EMD method according to ref 39. A p-type silicon wafer as a
substrate was cleaned ultrasonically in acetone, ethanol, and
pure water for 10 min. Then the cleaned silicon wafer was im-
mersed in a mixture of 4.6 M HF and 0.02 M AgNO; aqueous so-
lutions with equal volume. After etching for 40 min at 50 °C,
the sample was dipped in 30 wt % HNO; aqueous solution for
60 s to remove the capped silver. Finally, the sample was rinsed

UIN() voL.3 = No.8 = LUO ET AL

improved by using the BDDNF electrode with even
higher roughness factors.

CONCLUSIONS

In conclusion, the BDDNF electrode was fabricated
at a silicon wafer by EMD method and HFCVD tech-
nique. The BDDNF electrode was demonstrated as a
nonenzymatic glucose biosensor by simply putting it
into the glucose solution. Amperometric glucose sens-
ing revealed that the BDDNF electrode with a three-
dimensional structure exhibited high electrochemical
activity to glucose oxidation in basic conditions. The lin-
ear range (up to 7 mM) and sensitivity of 8.1 A mM™!
cm~2 of the BDDNF electrode to glucose oxidation and
even the selectivity and stability were obviously good
enough for the potential application in practical glu-
cose detection. These promising results, combined with
the biocompatibility of diamond, make this biosensor
an exceptional choice for a wide range of biofunction-
alization schemes and biomarker detection.

with deionized water, dried in air, and used for further
preparation.

The BDDNF electrode was prepared by depositing a boron-
doped diamond thin film onto the as-fabricated SiNWs by
HFCVD technology. The silicon wafer with as-grown SiNWs was
used as the substrate. Before deposition, the substrate was pre-
treated ultrasonically in a suspension of diamond nanoparticles
for 20 min. We used an acetone solution containing trimethyl bo-
rate (0.5% atoms ratio) as the carbon source. The carbon
source/H, flow ratio was 200:50 sccm, and the growth duration
was 60 min. The bias voltage was set at 4.5 V. The substrate was
heated by tantalum wires with an ac power supply at a voltage
of 20 V and the current of 75 A. The deposition power was kept
at about 1500 W, and the pressure was maintained at 1 kPa. The
diamond film that could be deposited on these SiNWs indi-
cated that the as-etched SiNW surface contains abundant ac-
tive sites and the adhesive diamond nanoparticles which reacted
as diamond nuclei. Generally, diamond nucleation was formed
very fast on these nuclei of the SiNWs, and growth was from
these nuclei along the whole length of the SiNWs. A planar BDD
film was also deposited under the same conditions for
comparison.

Electrochemical Measurements. Electrochemical measurements
were made using a 263 A potentiostat/galvanostat (Princeton,
NJ) controlled by a PC. A three-electrode system consisting of a
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working electrode (BDDNF, BDD), a saturated calomel electrode
(SCE) reference electrode, and a Pt auxiliary electrode was con-
nected to the workstation. All measurements were taken at room
temperature. Impedance spectroscopy measurements were car-
ried out with a FRD 100 frequency response detector (Princeton,
NJ) connected to the same potentiostat/galvanostat. A normal
planar BDD electrode prepared under the same conditions from
HFCVD always works for comparison. Before use, the working
electrodes (BDDNF, BDD) were washed under ultrasonication in
2-propanol followed by ultrapure water for 10 min, respectively.
Each cyclic voltammetry was performed in a solution of 10 mL
volume. The electrode geometric surface area exposed to the so-
lution was 0.1 cm?.

Before electrochemical detection of glucose, the electrodes
were cycled 10 times in 0.1 M NaOH between 0 and 1.5 V (vs
SCE) until a reproducible background voltammogram was ob-
tained. Amperometric measurements of glucose were carried
outin a 0.1 M NaOH solution at a desired potential (0.7 V vs SCE).
The response currents at each glucose concentration were re-
corded after a steady state was reached.
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Supporting Information Available: Detailed information in-
cludes the experimental results of (1) comparison of CVs in
Ru(NH3)s> /2" and Fe(CN)s> /4~ at the BDDNF and planar BDD
electrodes (Figure S1), (2) CVs of glucose on typical MBDD and
NBDD electrodes (Figure S2), and (3) CVs of glucose on a GC elec-
trode, and a BDD (with more sp? carbon) electrode (Figure S3).
Relevant discussions are also included. This material is available
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